The interleukin-21 receptor (IL21R) was recently discovered as a novel member of the class-I-cytokine-receptor family and is selectively expressed in lymphoid tissues. IL21R shows strong sequence homologies to the interleukin-4 receptor a chain gene (IL4RA). In addition, both genes are adjacent and share structural similarity. We analyzed all the exons of the human IL21R gene and its 5 0 flanking region for sequence variation. We identified four novel single nucleotide polymorphisms (SNPs) and genotyped 300 healthy blood donors. Total serum IgE levels were measured in all subjects and associated with IL21R SNPs. Results revealed a significant association of one IL21R polymorphism (T-83C) with elevated IgE levels (4100 kU/I) in females (OR ¼ 3.000, CI ¼ [1.163;8.385], P ¼ 0.015, n ¼ 138). This was confirmed in a second prospectively collected group of female blood donors (OR ¼ 2.535, CI ¼ [0.927;6.733], P ¼ 0.046, n ¼ 123). In contrast, no effects were observed in male subjects in either population. These findings identify IL21R as a possible novel target locus influencing IgE synthesis in female individuals.
Introduction
Atopic disorders, characterized by increased responsiveness to IgE and the presence of specific antibodies to common allergens, are thought to be largely determined by genetic factors. Although environmental factors certainly play an important role in the pathogenesis of atopy, numerous factors indicate a strong hereditary predisposition. 1, 2 For this reason, many attempts have been made to identify atopy susceptibility genes. One strong candidate is the interleukin-4 receptor a chain (IL4RA) gene, indicated by different studies. 3 Two studies, employing microsatellite markers, suggest a linkage of atopy with the chromosomal region 16p12, where the IL4RA gene is located. 4, 5 Interestingly, neither a single nucleotide polymorphism (SNP) in the coding region of IL4RA nor a combination of SNPs is consistently associated with atopy. 6 It was suggested from these findings that disease susceptibility might be linked to sequence variations outside the coding region of the IL4RA gene, thus 5 0 or 3 0 . 6 Our group recently described a novel polymorphism in the 5 0 promotor region of human IL4RA as being significantly associated with decreased levels of soluble IL4R, which is thought to be a potent regulator of IL-4 bioactivity. 7 The IL-21 receptor (IL21R), recently identified as a new member of class-I-cytokine receptor family, 8, 9 has been found to be appended to the 3 0 region of the human IL-4Ra chain gene.
The human IL21R gene consists of nine exons, with the two first exons (1a or 1b) being alternatively spliced to exon 2. 9 The corresponding mRNA encodes a 538 aminoacid receptor protein with a predicted molecular mass of 60 kDa. 9 IL21R is selectively expressed in lymphoid tissues (eg, thymus, lymph nodes, and spleen) indicating an immunoregulatory function. In contrast, the expression pattern of its ligand is much more restricted with the activated CD4 + T cells being the major producers of IL-21. 8 IL-21 is involved in the activation and proliferation of natural killer (NK) cells and B and T lymphocytes. 8, 10 Both the close structural similarity to the IL4RA gene and the importance of IL-21 signaling in B-and Tlymphocyte activation make the IL21R gene interesting in atopy research. In addition, IL21R and IL4RA are adjacent: the first IL21R exon is situated just 39 kb from the IL4RA locus.
In this study, we analyzed the complete IL21R gene including the 5 0 flanking regions of exons 1a and 1b for sequence variation. We identified four novel IL21R SNPs and investigated 300 healthy blood donors in order to obtain allele frequencies and linkage disequilibrium data. By using an Expectation-Maximization algorithm putative human IL21R haplotypes were estimated. We also investigated the relation between IL21R SNPs and total IgE levels to determine whether this gene may be involved in atopy pathogenesis. Results indicate that one IL21R variant is associated with elevated IgE levels in females, which was confirmed in a second group of 300 blood donors. Our findings suggest that the IL21R gene is a possible novel candidate gene involved in IgE regulation in females, and may have important implications for the research about the role of the IL-21 pathway in atopy pathogenesis.
Results

Identification of novel human IL21R gene variants
We screened the entire coding part of human IL21R gene and the 5 0 flanking region of exons 1a/1b (positions À1 to À500) for possible sequence variations in 20 healthy volunteers and identified four SNPs: Two nucleotide substitutions were characterized in the 5 0 flanking region of exon 1b (T-83C, T-44G) and the others in the 3 0 untranslated region (G2046A; C2350A) ( Table 1) .
We developed a PCR-SSP genotyping method and determined the allele frequencies of these novel polymorphisms in 300 blood donors, as shown in Table 2 . The rate of homozygosity and heterozygosity for all polymorphisms was in accordance with the Hardy-Weinberg equilibrium, indicating the state of random assortment.
Linkage disequilibrium and definition of putative human IL21R haplotypes Analysis of all possible pairs of polymorphic positions revealed that both the pairs of 5 0 flanking region SNPs and the polymorphisms in the 3 0 UTR at positions 2046 and 2350 are in linkage disequilibrium with linkage disequilibrium units (LDU) of 0.000 and 0.030, respectively (Table 3) . No linkage disequilibrium was detectable between any of the IL21R SNPs and the IL4RA SNPs I50V, S478P, and Q551R (n ¼ 300). Analysis of the LDU between IL21R-and IL4RA SNPs revealed that the entire genetic region can be divided into three independent sections, namely a region containing both IL4RA promotor region polymorphisms and the extracellular variation at position 50, a region including SNPs of the intracellular part of IL4RA, and finally a section bearing IL21R variants (Table 4 ). The presence of eight putative human IL21R haplotypes was estimated, the four most common with a cumulative frequency of 89.1% (Table 5) . According to the maximization-likelihood haplotype frequencies, we suggest a nomenclature for the novel haplotypes.
Genetic variation of the human IL21R gene is reproducibly associated with elevated IgE levels in females Further analysis revealed that the presence of the IL21R polymorphism at position À83, which distinguishes the two most common human IL21R haplotypes, was significantly more frequent in subjects with elevated serum IgE levels (4100 kU/l) than in those with lower IgE levels (p100 kU/l) (Odds ratio (OR) ¼ 1.810, 95% Confidence Next, we attempted to confirm the main observation of elevated IgE levels in females with at least one T-83C variant by analyzing a second independent group of blood donors (n ¼ 300). Prospective analysis of this second cohort confirmed the initial observation of a higher frequency of elevated IgE levels (4100 kU/l) in females carrying at least one T-83C variant than in those without the respective variant (OR ¼ 2.535, CI ¼ [0.927;6.733], P ¼ 0.046, n ¼ 123); as before, this could not be detected in males (OR ¼ 0.695, CI ¼ [0.349;1.369], descriptive P ¼ 0.270, n ¼ 177) (Table 6) .
Concerning quantitative analysis of IgE levels in the entire group of females (n ¼ 261), a higher IgE level was found in female subjects with at least one T-83C variant than in those without (descriptive P ¼ 0.009; Figure 1 
Discussion
Linkage of atopy and asthma to chromosome 16p12, where the IL4RA gene is located, has been described in Results of two independent cohorts of blood donors (n1=300; n2=300 subjects) separately for female (n1=138; n2=123 subjects) and male individuals (n 1 =162; n 2 =177 subjects). A higher frequency of elevated IgE levels (IgE>100 kU/l) is found in subjects carrying at least one variant allele. Human IL-21 receptor and IgE M Hecker et al different studies. However, conflicting results have been reported with respect to the association of IL4RA variants with atopy, suggesting other genes in this chromosomal region being involved in atopy pathogenesis. With respect to these data, the discovery of the IL21R gene on chromosome 16p11, directly adjacent to the structurally related IL-4R a-chain gene, is of importance.
8, 9
Here, we describe novel variation in the human IL21R gene leading to the definition of putative human IL21R haplotypes and the identification of an IL21R polymorphism (T-83C) being associated with elevated IgE levels. Unexpectedly, our analysis revealed an association of the T-83C variant with elevated IgE levels, which was only detectable in female subjects. Moreover, we were able to confirm this main observation in a second independent group of blood donors. Notably, in neither collective alone nor both together was an association of T-83C with IgE levels evident in male subjects. Since the IL4RA gene is directly adjacent to the IL-21R gene, linkage disequilibrium with one of the IL-4R alpha chain SNPs might be an alternative explanation for the observed effects. However, we detected no linkage disequilibrium of the T-83C variant with any of the IL4RA SNPs. These findings have two main implications: (i) IL-21 is possibly involved in atopy pathogenesis in females and therefore represents a novel target gene for therapeutic and diagnostic approaches and (ii) genderrestricted association of T-83C with elevated IgE in females suggests the presence of sex-dependent cofactors influencing expression or function of IL-21 signaling.
Relevance of IL-21 in B-cell function is reasonable since expression of surface IL-21R on resting human B cells has been reported. 8 Additionally, IL-21 promotes costimulation of CD40L-induced B-cell proliferation, 8 and represents a growth and survival factor for human myeloma cells. The gender-restricted association of IL21R T-83C with elevated IgE levels highlights the importance of considering sex differences as important cofactors when analyzing genetic influence on IgE levels, atopy, and asthma. With respect to the gender cofactor, several studies demonstrated lower (total and specific) IgE levels, and a lower incidence of atopy and asthma in females. [12] [13] [14] [15] [16] Thus, gender is an important cofactor influencing prevalence and phenotype of IgE-mediated allergic diseases. Taking this into account, we are confident that there are more immune response genes identified that influence IgE or atopy/asthma in a gender-restricted fashion.
Material and methods
Subjects
A total of 20 healthy voluntary blood donors were randomly selected for sequence analysis of all nine IL21R gene exons including the 5' flanking region of the exons 1a/1b (up to position -500). Two independent groups of 300 healthy voluntary blood donors each were analyzed for the IL21R gene polymorphisms by PCR-sequencespecific primer (SSP) after they gave their informed consent. A subgroup of individuals were assessed by a physician-administered questionnaire for a medical history of atopy (n ¼ 286) and interviewed for a family history of atopy (first-degree relatives; n ¼ 143). This questionnaire has recently been described and validated by our group. 17 DNA was extracted from peripheral blood leukocytes using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN, USA).
Nomenclature of IL21R polymorphisms
The DNA sequence of human IL21R and its 5' flanking region was derived from human Chromosome (Chr) 16 BAC clone CIT987SK-58J2 (GenBank accession numbers AC004525 and AC002303). This DNA sequence was defined as wild type and deviations were named as variations/mutations. Position 1 of human IL21R was defined as the first nucleotide of exon 1b. This position corresponds to position 36058 of human Chr 16 BAC clone AC004525.
DNA sequence analysis
The DNA sequence of all IL21R exons and the 5 0 flanking part of exons 1a/1b was completely analyzed by direct DNA sequencing of prepared PCR products. Analysis was performed on an ABI Prism 310 Genetic Analyser (Perkin-Elmer, Vaterstetten, Germany), using the ABI Prism Big Dye Terminator DNA Sequencing Kit (PerkinElmer) according to the manufacturer's instructions. The IL21R sequencing primers are listed in Table 1 . The final reaction mixture (20 ml) for generating primary PCR products consisted of 25 ng of genomic DNA, 1 Â Taq Buffer (Perkin-Elmer), 0.2 mmol/l each of the dNTPs, 0.5 mmol/l each of the IL21R sequencing primers, and 0.5 U AmpliTaq Gold. The MgCl 2 concentration was 1.5 mmol/l.
Genotyping of IL21R sequence variants
Genotyping of IL21R polymorphisms was performed by using the PCR-SSP technology. All PCR-SSP genotyping primers for the novel four IL21R SNPs are listed in Table 7 . PCR was carried out in a volume of 20 ml containing 50 ng of genomic DNA, 1 Â Taq Buffer (Perkin-Elmer), 0.2 mmol/l each of the dNTPs, 0.2 mmol/l each of internal control primers (C-reactive protein gene), 0.5 mmol/l each of the IL21R sequencespecific primers, and 0.5 U of the modified thermostable polymerase AmpliTaq Gold. The MgCl 2 concentration was 1.5 mmol/l. For each primer, the PCR protocol consisted of a pre-PCR heat activation step (951C, 10 min) followed by 10 cycles of denaturation (951C, 30 s), combined annealing-extension (651C, 60 s); 23 cycles denaturation (951C, 30 s), annealing (621C, 40 s) and extension (721C, 45 s). PCR products were visualized after agarose gel electrophoresis and ethidium bromide staining.
The C-reactive protein gene was additionally used as an internal amplification control. For each subsequent series of PCR runs, we included a positive and a negative control from individuals, tested by DNA sequencing.
Allergy tests
Measurement of total serum IgE levels was carried out by the CAP fluoro-enzyme immunoassay (FEIA) method (Pharmacia, Uppsala, Sweden).
Statistical analysis
Linkage disequilibrium between pairs of polymorphic positions was estimated adopting a Malecot model as implemented in LDMAP. 18 To evaluate deviation from the Hardy-Weinberg equilibrium, observed and expected genotype frequencies were compared by an exact goodness-of-fit test.
Haplotype frequencies were estimated using a Expectation-Maximization algorithm as implemented in ARLEQUIN. 19 ORs, exact 95% CIs, and two-sided exact tests of Fisher were calculated to compare genotype frequencies (at least one mutation vs no mutation) between probands with high (4100) and low (p100) IgE level.
The result was considered significant if the observed Pp0.05. In case of significance, genotype frequencies were analyzed separately within females and males and considered significant, if the observed Po0.025 to adjust for multiple testing. Confirmation of significant results was attempted in the second study population.
Exploratorily, ORs, CIs, and descriptive two-sided exact tests of Fisher were calculated to compare genotype frequencies (at least one mutation vs no mutation) between probands with positive and negative family history of atopy and a positive and negative atopy case history, respectively.
To further investigate the relation between the quantitative IgE level and different genotypes, median (Md) and mean (M) IgE levels are reported with respective 95% CIs. On an exploratory basis, we also report descriptive exact P-values from a Wilcoxon-MannWhitney test and a Kruskal-Wallis test. 
